Abstract: Biological conversion of substrate sugars to a variety of products is an increasingly popular option for chemical transformation due to its high specificity and because of significant interest in the use of renewable feedstocks. However, pathway optimization through metabolic engineering is often needed to make such molecules economically at a relevant scale. Employing effective methods to search and narrow the immense pathway parameter space is essential in order to meet performance metrics such as high titer, yield and productivity with efficiency. This review focuses on two practices that increase the likelihood of finding a more advantageous pathway solution: implementing a screen to identify high producers and utilizing modular pathway design to streamline engineering efforts. While screens seek to couple product titer with a high-throughput measurement output, modular design aims to rationally construct pathways to allow parallel optimization of various units. Both of these methodologies have proven widely successful in metabolic engineering, with combinations of them resulting in synergistic enhancements to pathway optimization. This review will particularly highlight their utility for microbially derived acid and alcohol products, which are of interest as fuels and value added products. Biological conversion of substrate sugars to a variety of products such as acids and 33 alcohols is an increasingly popular option for chemical transformation due to its 34 generation of a variety of products with high specificity and because of significant 35 interest in the use of renewable feedstocks. However, pathway optimization through 36 metabolic engineering is often needed to make such molecules economically at a 37 relevant scale. Employing effective methods to search and narrow the immense 38 pathway parameter space is essential in order to meet performance metrics such as 39 high titer, yield and productivity with efficiency. This review focuses on two practices 40 that increase the likelihood of finding a more advantageous pathway solution: 41 implementing a screen to identify high producers and utilizing modular pathway design 42 to streamline engineering efforts. While screens seek to couple product titer with a 43
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Introduction 1
Biologically-derived alcohols and acids have a variety of uses, including as 2 biofuels, precursors for polymeric materials, food additives, cosmetics and fragrances. 3
The production scale of these molecules is currently highly varied [1], making them a 4 great class of compounds to be tackled by metabolic engineers, especially by looking 5 through past successes and failures. Moving products from laboratory-scale to 6 industrial-scale production requires pathway optimizations enabled by high-throughput 7 titer determination, identification of pathway bottlenecks, rational focusing of libraries, 8 and redesign of natural pathways. Screening technologies permit the user to sample a 9 larger parameter space by coupling a high-throughput readout (i.e. spectrophotometric, 10 fluorescence, cell sorting) with the final titer linked to the underlying genotype. Similarly, 11 modular design similarly can focus parameter space through rational design of 12 pathways to minimize the number of pathway architectures to be tested as well as to 13 optimize modules individually that may be later combined into a full pathway. As these 14 two techniques have become widely utilized, they can be adopted simultaneously to 15 further enhance the metabolic engineering process by allowing the exploration of 16 multiple modular orientations when a high-throughput screen is available or, conversely, 17 by focusing on pathway designs with a higher likelihood of success when screening is 18 limited (Figure 1) . 19 
20

Screens 21
The final number of pathway combinations or library members that can be feasibly 22 tested, or screened, limits the scope of an optimization study. Direct measurement of 23 product titer by gas or liquid chromatography analysis is low throughput (less that 10 4 24 members) and falls at the bottom of the screening/selection ladder [2] . Higher 25 throughput screens in multiple micro-titer plates, on agar plates or by flow cytometry 26 require proper pairing of reporter molecules [3] and diversity generation [4] with 27 throughput size (Figure 1) . It is imperative that the screen is coupled as closely with 28 desired metabolic output as possible, to avoid false-positives or cross-talk with other 29 endogenous cellular pathways. Additionally, throughput size should correlate with the 30 parameter space to be searched to avoid generically large screens that might not focus 31 on the molecule of interest. In this section, we highlight screens for the biosynthesis of 32 acids (Table 1 ) and alcohols ( Table 2 ) that span the throughput spectrum. This review 33 will mostly focus on screens that have led to increased acid or alcohol titers; however, 34 these methods have also been applied to many other biologically produced molecules, 35 which are thoroughly reviewed elsewhere [1, 2] . 36
37
Colorimetric and enzyme assays 38
Many successful metabolic engineering screens have been applied to the production of 39 colored compounds, such as carotenoids; however, neither acids nor alcohols can be 40 measured as easily due to low wavelength absorption. As such, it is necessary to 41 conjugate these compounds with dyes for visible or fluorescent detection. For instance, 42
Nile Red dye has been used as a non-specific label for fatty acids to quantify their 43 production [5, 6] . When it is not possible to directly label the metabolic product, 44 quantification of enzyme activity may serve as a proxy for final titer. Nitroblue 45 tetrazolium was used to measure cellular NADH conversion to screen strain libraries for 46 members with increased ethanol and n-butanol production [7] . Similarly, monitoring 47 NADH or NADPH conversion enabled the engineering of a ketol-acid reductoisomerase 48
and an alcohol dehydrogenase, the two enzymes that utilize a reduced cofactor in the 49 pyruvate to isobutanol pathway [8, 9] . Success in these enzyme-engineering 50 approaches was the result of both rationally designed protein libraries and a lower-51 throughput screen [8, 9] . In addition to enhancing enzyme activity and/or specificity, 52 feedback inhibition can also be targeted. Insensitivity to CoA-SH was engineered into a 53 thiolase enzyme, which condenses two acetyl-CoA molecules at the beginning of the 54 fatty acid elongation pathway, by measuring NADPH consumption, resulting in an 55 overall cellular increase in n-butanol titer [10] . 56
57
Biosensors 58
Although direct measurement of product titer is ultimately a requirement of metabolic 59 engineering studies, it is the lowest throughput measurement method. It is also difficult 60 to find chemical probes to directly quantify in vivo production. Biosensors couple the 61 detection of a desired product with the expression of a reporter gene [3] . Such screens6 are advantageous because they allow for concentration-dependent, rapid, specific and 63 intracellular measurement of compounds, including difficult-to-monitor pathway 64
intermediates. Additionally, well-designed biosensors, after being used to screen 65 production, can be incorporated as part of a metabolic control network for dynamic flux 66 control. Many natural biosensors exist for exactly this reason and others are currently 67 being developed to bind to compounds of interest in heterologous hosts [3] . 68
Biosensors that act via transcriptional regulation are heavily utilized since they 69 
Growth and single-cell screens 106
Growth-based screens have also been used for the optimization of engineered 107 pathways for acid and alcohol production. These screens couple substrate utilization, 108 product formation and product/intermediate tolerance with growth rate, giving a 109 complete picture of how the organism will perform the desired conversion. Growth 110 screens are typically lower throughput than biosensor-based ones since each construct 111 is usually cultured separately in a micro-titer plate or on solid media. Utilization of 112 cellobiose for the production of ethanol in yeast was enhanced by optimizing the cellular 113 uptake of the glucose polymer and by improving enzymatic conversion, resulting in 114 increased cell growth [20] . Improvements in xylose consumption and ethanol 115 production were achieved by a combinatorial engineering strategy that used 116 homologous enzymes and different yeast strains as part of a growth screen. [21] . 117
Large-scale genomic libraries have been assessed for roles in ethanol tolerance by 118 coupling them with a growth screen [22] . Similar gains in tolerance have been found by 119 transcription factor mutagenesis coupled with a growth screen in both ethanol and 120 glucose to simultaneously test substrate utilization and product tolerance [23] . Global 121 regulator engineering has also been attempted using acid shock screening to improve 122 low pH tolerance [24] . 
Modular design 143
Screening for metabolic product formation is a powerful tool in metabolic engineering, 144 often leading to substantial increases in titer. However, many screens do not directly 145 report the final titer for a molecule of interest leading to false-positive solutions, or they 146 may be too difficult to implement (i.e. it may be more time consuming to design a 147 biosensor for a pathway rather than to simply perform chromatographic analysis). For 148 these reasons, it is useful to apply other constraints, such as modular design, when 149 searching parameter space to increase the likelihood of obtaining an optimal solution. This section of our review will focus on the modular construction of pathways for acid 162 (Table 1 ) and alcohol (Table 2) production; an excellent and thorough review covering 163 other ways of implementing modular construction and its role in producing alternative 164 compounds is also available [33] . to high final titers for free fatty acids, specific control of chain length is desired to create 170 a homogeneous product. Tseng and coworkers created a three module pathway 171 (precursor, up and downstream) to produce short odd-chain fatty acids [37] . The 172 functionality of each module was verified independently to focus on optimal designs for 173 the final full pathway, and precursor supply was dictated to control final product length 174
[37] . Another successful engineering approach also divided fatty acid synthesis into 175 three modules and found that by varying plasmid copy number, followed by RBS tuning 176 and bioreactor optimization, titers of fatty acids greater than 8.6 g/L could be obtained 177 (Figure 3a) [6] . Combining modular design with a molecular sensor for an 178 intermediate in fatty acid synthesis, Xu, Koffas and coworkers could oscillate between a 179 source and sink for malonyl-CoA to slightly increase free fatty acid production ( Figure  180 2) [12] . Similarly, the FadR transcription factor was used to control the final two 181 modules of fatty acid synthesis so that these enzymes were only expressed when the 182 intermediate pool was sufficiently high [11] . In another interesting study, fatty acid chain 183 length was programmed through both targeted enzyme degradation and mutation to an 184 auxiliary elongation enzyme [38] . The amount of the elongation enzyme FabB was 185 controlled by targeted protein degradation to limit the chain length of the resulting fatty 186 acids [38] . 187
In addition to fatty acids, production of alcohols has also taken advantage of 188 modular pathway design ( Table 2) produce a variety of fatty acid short-chain esters through a combination of modules for 212 fatty acid synthesis and 2-keto acid conversion to short chain alcohols [47] . 213
Modular pathway design has proven its place in metabolic engineering; however, 214 its potential is far from achieved as outlined in the following reviews [33, 48] . 215
Combination with other approaches to pathway engineering may enable additional 216 significant advances. Orthogonal T7 polymerases have been created which would 217 permit high level production of multiple modules as well as separation of the sensing 218 logic module from the functional module expression [49] . An autonomous controller 219 module was developed using quorum sensing to successfully increase the production of 220 organisms have led to discovery of enzymes that have or maintain increased activity at 263 high temperatures. These enzymes were then used to enhance cellobiose conversion 264 to n-butanol at elevated temperatures in a thermophilic bacterium [59] . Finding 265 orthogonal pathways for the production of fatty acids and expression of these 266 complexes in heterologous hosts has the potential to alter the specificity of production 267 and could be more beneficial than mutating native machinery [60] . Thus, genome-scale 268 techniques, enabled by high-throughput sequencing and data set comparisons, permit 269 users to not only identify high titer producers, but also gain foundational insight into the 270 biological traits and principles that lead to these favorable phenotypes. 271
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